Current theories suggest that memories for novel information and events, over time and with repeated retrieval, lose the association to their initial learning context. They are consolidated into a more stable form and transformed into semantic knowledge, that is, semanticized. Novel, related information can then be rapidly integrated into such knowledge, leading to superior memory. We tested these hypotheses in a longitudinal, 302-day, human functional magnetic resonance imaging study in which participants first overlearned and consolidated associative structures. This phase was associated with a shift from hippocampal-to ventrolateral prefrontal cortex (vlPFC)-mediated retrieval, consistent with semanticization. Next, participants encoded novel, related information whose encoding into the already acquired knowledge was orchestrated by the ventromedial prefrontal cortex. Novel related information exhibited reduced forgetting compared with novel control information, which corresponded to a faster shift from hippocampal-to vlPFC-mediated retrieval. In sum, the current results suggest that memory for novel information can be enhanced by anchoring it to prior knowledge via acceleration of the processes observed during semanticization.
Introduction
In humans, semantic and episodic memories are dissociable entities. They store different types of information and rely on different sets of brain regions (Tulving 2002) . Whereas events are stored with their spatio-temporal context in episodic memory, semantic memory refers to our knowledge about information independent of context. The hippocampus is critical for retrieval of episodic memories, whereas retrieval of semantic information relies purely on neocortical structures (Binder and Desai 2011) . However, cognitive theories propose that semantic memories are initially episodic, but with time and repetitive retrieval the memory is semanticized, that is, it becomes decontextualized and the essential features are extracted (Raaijmakers 1993; Carr et al. 1994) . On the neuronal level, semanticization has been hypothesized to account for the large-scale reorganization of episodic memories over time, that is, systems consolidation (Trace Transformation Hypothesis; Meeter and Murre 2004; Winocur and Moscovitch 2011) . In particular, the Trace Transformation Hypothesis proposes that with time and experience the episodic memory is semanticized and that this is accompanied by a shift from hippocampus-dependent to purely cortical retrieval. Similarly, the neurobiological based Complementary Learning Systems framework proposes that repetitive reactivation of the memory trace causes a transformation from hippocampal to neocortical retrieval (McClelland et al. 1995; O'Reilly et al. 2014) .
Consider for instance the emergence of geographical knowledge. Suppose one hears the geography teacher explain that Boston is in the east, and San Francisco is in the west of the USA. One can remember the full episode, including the content (geographical knowledge) but also the context (the teacher speaking at a particular time at a particular location). As time goes by and this geographical information is used repeatedly, it becomes independent of the initial learning context, until one just remembers the locations associated with those cities. Such information is not stored in isolation in semantic memory, but interconnected with related information in a semantic knowledge network (Anderson and Pirolli 1984) .
Although the episodic and semantic memory systems are dissociable, they closely interact, as newly encoded information is affected by preexisting knowledge during encoding, consolidation, and retrieval (McKenzie and Eichenbaum 2011) . A prominent, everyday example is superior memory for newly learned information that is anchored to prior (semantic) knowledge. Staying with our previous geographical example, the memory for the newly learned location of Los Angeles will benefit from the prior knowledge about the locations of Boston and San Francisco. Such a prior knowledge effect is also evident when memory of experts is compared with that of novices. Experts have superior memory for novel information within their area of expertise, be it a specific academic field or Star Trek (Long and Prat 2002; Brandt et al. 2005; van Kesteren et al. 2014) .
The prior knowledge effect has mostly been studied within the framework of schema theories , where schemata have been defined as "general knowledge of a person about a particular domain that allows for the encoding, storage, and retrieval of information related to that domain" (Alba and Hasher 1983) . Current cognitive theories propose that prior knowledge improves memory for new information by enabling more effective organizational processing (Ericsson and Kintsch 1995) . According to these theories, newly encoded information is associated with appropriate retrieval cues and integrated into the existing associative network via referential connections (Long and Prat 2002) . At the neuronal level, schemata are described in terms of neocortical-thus consolidated -and strongly interconnected representations (van Kesteren et al. 2012) . Activation of such semantic neural networks affects processing of novel related information which can then be easily integrated into the associative structures (Lewis and Durrant 2011) . Taken together, current theories propose that episodic and semantic memories are mutually dependent. According to these theories, semantic memories evolve from information that is initially episodic, and in turn, supports novel related episodic memories across all stages of mnestic processing.
A series of elegant animal studies have aimed to empirically test these theories and to examine the emergence of such neuronal representations and its subsequent impact on the encoding of novel related information (Tse et al. 2007 (Tse et al. , 2011 . In these studies, rodents were trained over several weeks to become experts in an "event arena" by repetitively learning 6 odor-place "paired associates" (PAs) within a grid of 7 × 7 locations. Over time, the overlearning procedure rendered memory for these 6 PAs hippocampus-independent, as systems consolidation had occurred (Tse et al. 2007) . Novel PAs in the same event arena could then be successfully learned with only a single trial and were recalled even after 24 h, reflecting a prior knowledge effect. Neocortical regionsmedial prefrontal cortex (mPFC) and retrosplenial cortex (RSC)-specifically supported the encoding of novel related PAs into the existing associative structure. In contrast, the hippocampus contributed similarly to encoding control PAs as well as PAs that were related to prior knowledge (Tse et al. 2011) . The pattern of mPFC receptors [N-methyl--aspartate and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA)] involved in this process suggested retrieval of prior knowledge during the integration of novel related PAs (Bast et al. 2005) . Critically, prior knowledge also accelerated the transfer of hippocampal memories to neocortex (systems consolidation), as recall of the novel integrated PAs was already hippocampus-independent after 24 h (Tse et al. 2007) . In summary, these findings in rodents showed not only the neural effects of time and repetitive retrieval on episodic memories, but also the neural mechanisms underlying the beneficial effect of prior knowledge on memory for novel related information.
The dissociation of episodic and semantic memory has most clearly been demonstrated in human neuroscientific studies; therefore, a translation of these findings to humans is crucial for testing the theories about their interaction. To characterize their 2-fold interdependence-the emergence of semantic out of episodic memory and the impact of semantic memory on novel related episodic memories-requires a longitudinal functional magnetic resonance imaging (fMRI) study over a sufficiently long time range. Therefore, for this study, participants repetitively retrieved and re-encoded 10 sets of 12 object-location associations ("PAs") that formed unique spatial layouts (Fig. 1A , C and see Supplementary Fig. 1 ) in weekly training sessions over 302 days. The participants were scanned during retrieval of these PAs on Days 1, 2, 91, 92, 105, 301, and 302 . Such overlearning of initially episodic information over a relatively long period was expected to result in semanticization according to the Trace Transformation Hypothesis, but also the Complementary Learning Systems Framework (Meeter and Murre 2004; Winocur and Moscovitch 2011; O'Reilly et al. 2014) . Moreover, because the PAs were interrelated as each set of 12 PAs formed one of 10 unique spatial layouts, it was expected that their overlearning would result in the formation of semanticized associative knowledge structures. After 90 days, it was examined how this prior knowledge modulated memory and neural correlates of encoding, consolidation, and retrieval of 4 novel related object-location associations ("novel related PAs", Fig. 1B ,C, "integration of related information I"). Participants were scanned during encoding of the novel related PAs on Day 91 and during retrieval on Days 91, 92, and 105. This prior knowledge effect was replicated after 300 days when participants encoded, consolidated, and retrieved another set of 4 novel related PAs (Fig. 1C , "integration of related information II"). The acquisition and overlearning of knowledge was tightly controlled, and encoding of novel related information was contrasted with associative information that could not be linked to a preexisting associative structure but was otherwise identical ("control PAs").
Materials and Methods

Participants
Participants were scanned in this longitudinal fMRI study on Days 1, 2, 91, 92, 105, 301, and 302 . We refer to these fMRI scanning days by these approximated values; in practice, there was some variability as to exactly when the scanning days occurred. The exact delays were as follows. Day 2 always immediately followed Day 1. Day 91 was on 90.9 ± 8.1 days following the first session, with day 92 always immediately following Day 91. Day 105 was scheduled 16.25 ± 5.4 days after Day 92. Day 301 was on 318.3 ± 14.0 days and Day 302 always immediately followed Day 301.
In a longitudinal study like this, not all participants can participate in all stages of the study. Attrition rates are as follows: 24 participants (28.2 years, SD 4.6 years; 8 male; right handed; 20 students and 4 employees with ≥13 years of education) took part on Days 1-92; 23 continued until Day 105 (1 participant quit the experiment for health related reasons, 2 of the 23 could not be scanned due to health related reasons, but behavioral data were collected. These 2 did not continue.) Four participants quit as the experiment interfered with their exams, leaving17 that completed all 302 days (29.1 years, SD 53 years; 5 male; 14 students and 3 employees). Not only the demographics of the 17 participants that completed the study until Day 302 compared with the 7 participants that quit before Day 301 were highly similar, but also the memory performance was equal (no statistically significant differences). Participants were invited by advertisement and paid for their participation. The study was approved by the local ethics committee and all participants signed informed consent.
Behavioral Paradigm
Associative Structures and Novel Related PAs Ten associative structures, each consisting of an irregular layout of 20 locations, were generated for each participant (Fig.1A and see Supplementary Fig. 1A ). In particular, 20 irregular layouts with the most distinctive distributions of locations were selected from 100 randomly generated layouts; 10 were randomly assigned to the associative structures, 10 to the control layouts (see below). Each location of the associative structures was associated with a unique picture chosen form a standardized picture set complemented by additional pictures of the same style (Rossion and Pourtois 2004). The 20 pictures of the associative structures were pseudorandomized so that in each, only one instance of a semantic category (e.g., music instruments, African animals, body parts, etc.) was used. To maximize the distinctiveness of the 10 associative structures, 10 different shapes ( polygons, stars, etc.), 10 different colors (spaced equally along the color spectrum), 10 different names (Schema A-J or 1-10), and 10 different Figure 1 . Associative structure, novel related PAs and flowchart of the experiment (A) The 20 locations, 12 object-location associations ("PAs") forming one of the 10 associative knowledge structures. Only the 12 object-location associations are shown that were overlearned. Eight locations stayed empty and participants encoded on Days 91 and 301 each time 4 of the remaining object-location associations. Note, that the 12 PAs of each of the 10 associative structure were not shown simultaneously as in the figure but encoded and recalled in the MR scanner sequentially (for the retrieval cue see Fig. 2 , for the trials structure see Supplementary   Fig. 2A ). (B) Four novel related PAs, that is, PA 13-16 (Day 91) or 17-20 (Day 301) that were encoded into that associative structure after its overlearning and consolidation. The 4 novel related PAs were also encoded and recalled sequentially in the MR scanner (for encoding screen see Fig. 3A , for retrieval cue see Fig. 4A , for trial structure Supplementary Fig. 2 ). The 12 locations that were associated with objects after overlearning were marked (filled gray) to control for unspecific differences in difficulty between novel related and control PAs. (C) The experiment took place over 302 days. On Day 1, participants encoded 10 distinct associative structures, each consisting of an irregular array of 20 locations where 12 of the locations were associated with a unique object. These PAs were retrieved immediately and on Day 2 in the MR scanner (see Supplementary Fig. 2 ). The interrelated PAs forming the 10 associative knowledge structures were overlearned and consolidated until Days 91, and 301, respectively. On these days, volunteers encoded 4 novel related PAs into the consolidated associative structures and retrieved them after distraction. This was followed by the retrieval of the overlearned PAs from the associative structure. On Days 92, 105, and 302, the newly encoded and also the overlearned PAs of each associative structure were retrieved again. Three sets of control arrays, each consisting of 4 object-location associations, were encoded and retrieved on Days 1 and 3 (Set 1), Days 91, 92, and 105 (Set 2) and on Days 301 and 302 (Set 3). To assess the loss of contextual, episodic details associated with the PAs over repetitive retrieval, a modified remember/know procedure was employed outside of the scanner on Days 2, 30, 60, and 92 (see methods for a detailed description of the task).
font types (Arial, Helvetica, etc.) were selected for each participant, randomly combined, and assigned to the 10 associative structures, with no feature shared by any 2 associative structures. In summary, each associative structure consisted of a unique and distinct combination of a unique shape in a unique color at 20 unique locations and a set of 20 unique pictures associated with the 20 locations, that is, 20 PAs. In addition, the unique name of the associative structures, for example, "Schema G", was presented in a unique font in the same unique color as the shapes slightly above the center of the screen. Critically, only 12 of the PAs of each of the 10 associative structures were overlearned in weekly sessions over the time course of 300 days and formed the knowledge structures. Participants were scanned during retrieval of these PAs on Days 1, 2, 91, 92, 105, 301, and 302 . This was done to test the Trace Transformation Hypothesis.
Until Day 91, the remaining 8 objects were not shown to the participant and 8 locations therefore remained "empty". On Day 91, 4 of Figure 2 . Retrieval of the object-location associations ("PAs") forming the associative knowledge structures changed with time and repetitive retrieval over the 302 days of the experiment (sample sizes varied across test days: n = 24 on Days 1, 2, 91, and 92; n = 23 on Day 105; n = 17 on Days 301 and 302). (A) The location served as retrieval cue and participants were given 3 s to recall the associated object. Then the locations disappeared and the participants had 2.6 s to select with the mouse cursor the recalled object from all possible 12 objects of that associative structure. The objects were presented in smaller sizes in random order in 2 rows at the screen center (see Supplementary Fig. 2 ). (B) Retrievalrelated brain activity was modeled at cue onset when no object was presented.
Brain activity during processing the objects was modeled separately and therefore did not confound retrieval-related activity. Activity during successful recall of the objects decreased from Days 1 and 2 to the later time points in the hippocampus ([−35 −18 −12] , Z = 4.49) and other areas usually involved in episodic memory retrieval (see Supplementary Fig. 4A ,B and Table 3 Activations are overlaid on the mean structural image of all participants (display threshold P < 0.001 uncorrected).
the remaining 8 objects were associated with 4 of the "empty" locations; thus, 4 novel but related PAs were encoded for each of the knowledge structures on Day 91 (Fig. 1B) . These 4 novel related PAs were retrieved in the scanner on Days 91, 92, and 105. This was done to characterize the prior knowledge effect. On Day 301, the final 4 remaining objects were associated with the final 4 "empty" locations; thus, again, 4 novel related PAs were encoded in each knowledge structure. Participants retrieved these 4 novel related PAs in the scanner on Day 301 and 302. This was done in an attempt to replicate the prior knowledge effect of Days 91 and 92.
Control PAs
Control PAs were used (1) to measure the nonspecific effects of practicing the object-location association procedure from Day 1 to 302 and (2) to contrast the effect of prior knowledge on the encoding of novel related PAs on Days 91, 92, and 105, as well as 301 and 302. The goal was to construct control PAs that were visually identical to the situation when the 4 novel related PAs were encoded for the associative structures on Days 91 and 301. Therefore, the control PAs were presented as parts of control layouts that looked similar to the associative structures and each control layout contained 4 PAs. Altogether, 3 sets of 10 control layouts were created: The first set of control layouts was encoded and retrieved on Days 1 and 2, the second set of control layouts was encoded and retrieved on Days 91, 92, and 105, and the third set of control layouts was encoded and retrieved on Days 301 and 302.
To minimize nonspecific positive transfer effects from the overlearned associative structures to the encoding of the unrelated control PAs, the distinctiveness of the 10 associative structures and the 3 sets of 10 control layouts was maximized. To this end, a set of 10 additional shapes, 10 additional colors, and 10 additional font types was generated to be as distinct as possible from the overlearned associative structures. The 10 additional (control) irregular layouts of 20 locations were generated at the same time as the layouts for the associative structures (described above). Each control layout had a specific name (Schema A-J, 1-10, or I-X) that was presented in a unique font type slightly above the screen center, just as with the associative structures. Whichever of the first 2 naming systems (Schema A-J, 1-10) was not used for the 10 associative structures was used for the first and third set of the control layouts, leaving Schema I-X for the second set of control layouts. Schema I-X was only used for control layouts because participants might be less familiar with the Roman numerals, making it less easy to internally label their associative structures during overlearning. In other words, for the 3 sets of control layouts, some features (i.e., locations, shape, color, font type, name) were re-used, but for each participant and for each set, in new random combinations. Critically, for each set of control layouts, unique pictures from the same standardized picture set were used, 4 unique pictures for each control layout to form the 4 interrelated object-location associations. Due to the unique pictures, the unique combination of features, and the temporal distance of at least 90 days between studying the different sets of control layouts makes interference effects between the control layouts highly unlikely.
After overlearning the 12 PAs from each of the 10 associative structures, only the remaining 8 locations were possible response options on Days 91 and 301, when 4 novel PAs had to be encoded. This reduces the difficulty compared with the control PAs in a way not specific to the prior knowledge. For this difference in difficulty was controlled by coloring 12 locations gray (indicating not-possible) in the control layouts, reducing the number of possible target locations in the control layouts to the same number, 8 (see Supplementary Fig. 1B ). To control for visual differences to the associative structures, the 12 overlearned locations were also marked gray in the associative structures (Fig. 1B) when the 4 novel PAs were encoded and retrieved on Days 91, 92, and 105, as well as on Days 301 and 302. In sum, the associative structures and control layouts were matched in visual characteristics and only 8 locations could be associated with 4 objects. The only difference was that participants had prior knowledge for the associative structures, but not for the control layouts.
Encoding of PAs in the MR-Scanner
Participants encoded PAs on Day 1 (12 in each of the 10 associative structures, 4 in each of the 10 control layouts from the first set), on Day 91 (4 novel related PAs for each associative structure, 4 control PAs for each control layout in the second set), and on Day 301 (again 4 novel related PAs for each associative structure, 4 control PAs for each control layout in the third set). Participants always encoded all PAs of an associative structure or control layout in one round that was immediately followed by a distraction phase and retrieval of the just encoded PAs from memory (see Supplementary Fig. 2A ,B).
Participants were warned of each encoding phase by a countdown from 5 to 0 at 1 number every 2 s, followed by a 2-second screen stating that an encoding phase is about to start, and an instruction screen (animate/inanimate decision), for 3 s. Throughout the encoding phase, the name of the associative structure or control layout was shown on the screen in its specific color and its specific font type (see Supplementary Fig. 2A,B) . At the beginning of each encoding phase, the specific shape in the specific color was presented on the specific 20 locations forming the irregular layout for 3 s. All 20 shapes were empty for the associative structures on Day 1. However, on Days 91 and 301, the shapes at the 12 locations that had been associated during overlearning with objects were marked, that is, filled gray. Participants were informed that the gray-marked locations of the control layouts would not be associated with an object.
In each encoding trial, one of the locations was highlighted for 3 s, by filling the specific shape with the specific color. In the middle of the screen, the associated object was presented in parallel for 3 s. Participants were instructed to treat the animacy task as the primary task, by clicking on the right or left button of an MR-compatible computer mouse as fast as possible. In addition, they were asked to intentionally encode the object-location association. The animacy decision was unrelated to the intentional encoding of the PA, so this produces a dual-task situation for the participants. A slowing in reaction times in the primary task can thus be used as an index of how much of the processing resource is allocated to the secondary task.
After encoding a particular PA, the shapes and the object disappeared and all 12 objects (in the case of an associative structure) or 4 objects (in the case of novel related or control PAs) that were encoded on that day were presented smaller, always in a new, randomized order, in 2 rows in the middle of the screen, for 2.5 s (in the case of 12 objects) or 2.16 s (in the case of 4 objects). Participants were asked to click as fast as possible, with the computer mouse, on the object they just saw. The rationale for this speeded object-selection task was to interrupt intentional encoding, because encoding should be time-locked to the presentation of the object-location association. In addition, this task measured how fast and accurate the participant was able to find and select an object without retrieval from memory, which served as a reference for this same selection behavior when it was performed during retrieval of the PAs (see below). Such a baseline allows for a comparison with the object-selection speed after cued recall, and seemed moreover sensible, since the cursor of the MRI compatible mouse did not move perfectly smoothly, but stuck sometimes. After the objects disappeared, a fixation cross was shown for 2.2 s ( jittered from 1.2 to 3.1) until the next encoding trial. To practice the procedure before the scanning sessions outside of the scanner, black and white pictures, a dummy name together with 20 locations were shown.
Distraction in the MR Scanner
On Days 1, 91, and 301, where encoding was followed by immediate retrieval of the object location associations, a distraction phase was employed to avoid a recency effect. In particular, 20 simple multiplication equations were presented for 5 s each of which 50% was correct (e.g., 3 × 7 = 22; 9 × 4 = 36, etc.). Participants had to indicate whether the result was correct by clicking the left or incorrect by clicking the right mouse button.
Retrieval of PAs in the MR-Scanner
Memory was tested immediately (separated by the distraction phase) after encoding the PAs of an associative structure and of control layouts on Days 1, 91, and 301 (see Supplementary  Fig. 2A ,B). On Days 2, 92, and 302, memory for the PAs encoded the day before was tested after about 24 h, and on Day 105, memory for the PAs encoded on Day 91. In addition, the memory for the 12 PAs of the associative structures was tested not only on Days 1 and 2, but also on the remaining scanning days. In particular, memory was tested on Days 91-302, first for the 4 novel related PAs, and directly followed by the retrieval of the 12 overlearned PAs of the same associative structure.
On Days 2, 92, 105, and 302, when retrieval was not immediately preceded by encoding and distraction, a countdown from 5 to 0, one number every 2 s, indicated an upcoming new retrieval phase. At the beginning of each retrieval phase, participants were warned with a 2 s screen stating that the memory test was about to start, followed by the instruction screen for 3 s. Throughout the retrieval phase, the name of the associative structure or control layout was shown on the screen in the specific color and font type. At the beginning of each retrieval phase, for 3 s, the objects were presented smaller, in a new randomized order, in 2 rows in the middle of the screen to remind participants which objects occurred in the particular layout. Without presenting the objects, the memory test would have been too difficult after 1 and 14 nights. Because participants were given both the locations and the objects, the ensuing memory test was specifically testing memory for the association of a location with an object. Then, the specific shape in the specific color was shown at the specific 20 locations comprising the irregular layout for 3 s. All 20 shapes were empty when the PAs of the associative structures were recalled. To balance differences in difficulty unspecific to prior knowledge (see above), on Days 91, 92, and 105 as well as 301 and 302, the shapes at the 12 locations that were associated with objects on Day 1 and overlearned in the following 90 days were marked gray when the novel related PAs were recalled. For the 3 sets of control layouts, 12 shapes were also filled gray on all days.
In each retrieval trial, one of the locations was highlighted for 3 s as the retrieval cue, that is, the shape was presented filled with the corresponding color. Participants were instructed to try to covertly recall the object associated with this location during this 3-second interval. Then the shapes disappeared and all objects of an associative structure or control layout were presented smaller, in a randomized order, in 2 rows in the middle of the screen (12 objects for 2.5 s for associative structures, 4 objects for 2.16 s for novel related or control PAs). Participants were asked to click, as fast as possible, with the computer mouse, on the object they just recalled, but only if they had recalled an object before and not to guess or select based on excluding other objects. After the objects disappeared, a fixation cross was shown for 2.2 s ( jittered uniformly from 1.2 to 3.1 s) until the next retrieval trial.
The rational for using locations as cues for objects (rather than objects as cues for locations) was that the performance in both retrieval directions of object-location associations is equal, but evidence exists that retrieving the object is more effortful, less automatized and thereby potentially more hippocampus-dependent (Sommer et al. 2007 (Sommer et al. , 2008 . Moreover, after overlearning the object-location associations for 90 days, using the object as cue and the location as target could have led to stimulus-response learning which depends on the striatum.
The rational for removing the locations (including the retrieval cue) during object-selection and for the short response time window was to reduce the possibility of associative recognition based on highest familiarity of an object in association with the cued location or the exclusion of other objects based on memory for their associated location. Together, the 3-second period to recall the object associated with the cued location, the subsequent removal of the locations, the deliberately short response time window for selecting an object and the instruction to select only an object when it was recalled before aiming to mimic hippocampus-dependent cued recall in the MR scanner. A comparison of object-selection time after cued recall with the objectselection time baseline after encoding allows us to test whether additional recognition processes that can start only after the objects are presented contributed to performance. The downside of the short object-selection time window was that participants sometimes were not able to click on an object, despite having recalled it, or clicked involuntarily on the wrong object just because the mouse cursor was clunky to move. Again, the object-selection with the same time limits during encoding served as a reference for how difficult it was for a participant to click on the recalled object.
Participants were asked to sleep normally the night after encoding and immediate retrieval on Days 1, 91, and 301, which was always the night from Wednesday to Thursday. They were scanned on the successive days at about the same hour.
Overlearning of the Associative Structures
Over the course of the first 3 months, until Day 91, participants had weekly learning sessions in the institute, lasting 1-2 h (mean number of training sessions 14.2, SD = 1.2). During the first weeks, they trained on the associative structures by practicing recalling objects, cued by their locations. In a locationcue trial, one location in an associative structure was highlighted and the 12 potential objects were presented smaller, in random order, in 2 rows in the middle of the screen. Participants clicked on the object they associated with this location, and this was self-paced. If the object was correct, the next trial started, and another location in the same associative structure was highlighted as a retrieval cue. If the response was incorrect, a feedback message, "incorrect response", was given, and the correct object was presented larger, at the same time, in the middle of the screen. After 5.4 (SD 1.5) weeks with 23.3 (SD 2.8) learning runs for each associative structure, participants' performance reached ceiling using this procedure.
Once ceiling performance was reached, 2 additional components were added to each training session up to Day 91. In a reconstruction task, the 12 objects were presented in 2 rows in the middle of the screen in randomized order. Participants selected one of the objects by clicking on it with the left mouse button and moved it to the associated location where it would stay only if the location was the correct one. Thus, participants were given all locations and all objects, and were free to select the order in which they placed objects in locations. Participants performed this procedure 13.3 times (SD 4.2) for each of the 10 associative structures during the remaining 8.8 (SD 1.1) learning sessions until Day 91. A third component of the training procedure, the associative structures were learned by selecting one of the locations and typing names corresponding to the associated objects using the computer keyboard; their typed letters appeared in the middle of the screen, backspace was possible and they submitted their response by hitting the enter key. This training procedure was performed 22.2 (SD 3.5) times. The first learning task, retrieval cued by location, was also performed for each associative structure in 13.3 runs (SD 2.3) up to Day 91. Altogether, the PAs of each associative structure were practiced on average 72.1 times in various contexts. Between days 92 and 105, there were no practice sessions.
In this manner, the participants acquired perfect knowledge for their associative structures. Moreover, they not only learned the individual PAs but also related the 12 PAs of each associative structure to each other. In particular, participants reported that they for instance had incidentally created short stories containing the 12 PAs of each of their associative structures. Through this training procedure, it was expected that the knowledge would also be transferred, by this repetitive retrieval-(re)-encoding procedure with its variable encoding and retrieval contexts, to semantic memory.
After Day 105, there was a summer break of about 2 months. To continue the overlearning, after the break, participants were asked to write down a meaningful story containing the 12 PAs, for each of their associative structures. Participants practiced at home using the 3 different tasks as described above and were explicitly asked to recapitulate their stories with each PA during training and send the log files via email to the experimenter. Participants practiced 18.3 runs (SD 4.3) for each associative structure, each including 2 times the 3 learning tasks described above.
Assessment of Decontextualization: Modified Remember/Know Procedure
In the remember/know procedure, participants introspect about the basis of their memory judgement (Tulving 1985) . In particular, they indicate whether they recognized an item based on recollection of episodic contextual information about the study event or based on familiarity in the absence of recollection. This paradigm was modified in the current study to measure the contribution of these 2 types of memory to the retrieval of the object-location associations before, during and after overlearning, where a decrease in the remember/know ratio was taken as a proxy for decontextualization. This modified remember/know procedure was inspired by a study that used it before to assess a pure time-dependent decontextualization of item memory (Viskontas et al. 2009 ).
On Days 2 and 92, after participants had left the scanner, as well on Days 30 and 60, at the beginning of the training session, participants completed a self-paced retrieval test for the 12 PAs for each of the 10 associative structures. In each trial, one location in an associative structure was highlighted and the 12 potential objects were presented smaller, in random order, in 2 rows in the middle of the screen. Participants clicked on the object they associated with this location; this was self-paced. As a second step, they were asked to choose between the "remember" and "know" option. They were instructed: When you remember a specific contextual detail of the initial encoding of this object--location association in the MR scanner on Day 1 (for instance, that you were thinking that it makes sense that "balloon" is associated with one of the upper locations), then give a "remember" response. However, when you just know that the highlighted location is associated with a particular object and you do not remember the initial encoding event, then give a "know" response. To ensure compliance, they were instructed that they should be able to specify the retrieved associative contextual detail if interrupted by the experimenter. In a third step, they were asked to indicate their confidence on a 4-point Likert scale.
MR Data Acquisition
fMRI was performed on a 3 T system (Siemens Trio) with a 32-channel head coil. An echo planar imaging T 2 *-sensitive sequence in 39 contiguous axial slices (2 × 2 × 2 mm 3 ) with 1 mm gap; TR, 2.5 s; TE, 30 ms; PAT factor 2; flip angle, 80°; field of view, 208 × 208 mm 2 ; matrix 104 × 104 was employed. Highresolution (1 × 1 × 1 mm 3 voxel size) T 1 -weighted structural MRIs were acquired for each subject using a 3D MPRAGE sequence on Days 1 and 91.
Analysis of fMRI Data
Preprocessing fMRI data were preprocessed and analyzed using Statistical Parametric Mapping (SPM8; Wellcome Department of Imaging Neuroscience, London, UK) running under Matlab R2012a (Mathworks, Inc., Natick, MA, USA). The first 7 volumes images were discarded because of spin saturation and the participant's adjustment to the scanner noise. Functional data were corrected for differences in acquisition time ("slice timing"), rigid body motion, and susceptibility artefacts ("realign and unwarp"). Then, the individual structural T 1 image was coregistered to the mean functional image generated during realignment. Coregistered T 1 images were then segmented using the "New Segment" routine in SPM8. During this preprocessing step, tissue-class images for gray and white matter were generated and subsequently used within the DARTEL toolbox to create structural templates as well as individual flow fields, which in turn were used for normalization to MNI space. Images were resliced with an isotropic voxel size of 2 mm. Finally, images were smoothed with a full-width half maximum Gaussian isotropic kernel of 8 mm. This smoothing kernel was chosen based on the matched filter theorem because signal differences of smaller (MTL regions) but also larger (e.g., prefrontal regions) spatial extent were expected.
First-Level Analysis
The general linear model was employed as implemented in SPM8 for first-and second-level statistics in a mass univariate approach. On the first level, individual regressors were created for all experimental conditions by convolving delta functions marking the onsets of the particular condition with the canonical hemodynamic response function. Each encoding condition was separated into 3 regressors based on retrieval success. Thus, subsequent correct recalled, subsequent incorrect recalled, and subsequent misses, were modeled for each of the 12 PAs of the associative structures, the 4 novel related PAs on Day 91, the 4 novel related PAs on Day 301, as well as for the control PAs on Day 1, on Day 91, and on Day 301. At cue onset, during retrieval, on all scanning days, the same conditions were modeled, again subdivided by retrieval success. In addition, the countdown before each new layout, the instructions, the empty layout event at the beginning, the distraction phase and the objectselection phases during encoding and retrieval were modeled. The object-selection phases were both parametric modulated trial-wise with the length of the mouse movement. The time series were corrected for baseline drifts by applying a high-pass filter (128 s) and for serial dependency by an AR(1) autocorrelation model. Parameter estimates pertaining to the amplitude of the hemodynamic response function were computed at each voxel for each condition and each subject.
Second-Level Analysis: Testing the Trace Transformation Hypothesis
For the second-level effects-analyses with subject as a random factor-the respective parameter-estimate images were contrasted. Due to the time constraint for selecting the recalled object during retrieval and the clunky MRI compatible computer mouse, missed responses are confounded because they combined too-slow selections and incorrect responses due to accidental clicks on a wrong object. Therefore, only subsequent correctly recalled responses were analyzed, and activity in the various conditions contrasted. To test the Trace Transformation Hypothesis, activity during retrieval on Days 1 and 2 was contrasted with activity during Days 91, 92, 105, 301, and 302 , that is, [−2.5 −2.5 1 1 1 1 1] and [2.5 2.5 −1 −1 −1 −1 −1], respectively. To test for an increase in activity after the first 24 h of consolidation, but prior to semanticization, activity during retrieval on Day 2 was contrasted with retrieval on Day 1, that is, [−1 1].
Second-Level Analysis: Characterization of the Prior Knowledge Effect
To characterize the prior knowledge effect, activity during encoding and retrieval of novel related and control PAs was contrasted. Activity during encoding and retrieval of novel related and control PAs was measured twice, on Days 91 and 92 for the first 4 novel related PAs, and on Days 301 and 302 for the second 4 novel related PAs. The second time point is, on the one hand, a within-subject replication of the first time point, because the procedure was identical. On the other hand, one might argue that there are quantitative and qualitative differences. Quantitative differences may be present because consolidation might have progressed from Day 91 to Day 301. Qualitative differences may be present because of the stories participants created, incidentally before Day 105 and as instructed thereafter. Based on these considerations, Days 91/92 and 301/302 were treated as replications, with the mean activity differences at the 2 time points computed (factor time point was not considered), and also as different experimental conditions, with interactions with time point (increase/decrease) computed. However, anticipating the results, it should be noted that no increase or decrease in activity or changes in activity over the first 24 h between the 2 time points was observed. In other words, all interactions with the factor time point (Days 91/92 vs. 301/302) did not result in significant results.
To identify areas involved in the prior knowledge effect during encoding, activity during successful encoding was contrasted between novel related and control PAs in a repeated-measures analysis of variance (ANOVA) with the factors prior knowledge (novel related vs. control PAs) and time point (Day 91 vs. 301). Planned comparisons were the main effect of prior knowledge as well as the prior knowledge × time point interaction. As a proxy to test whether, during encoding of novel related PAs, prior knowledge was reactivated, a functional localizer of successful object-location retrieval was created exclusively masked with object-processing. In particular, areas that were activated by successful immediate retrieval (Days 1, 90, 300) of PAs (associative structure, novel related and control PAs) were exclusively masked with areas active during object-selection during encoding and retrieval. This localizer was conservatively statistically thresholded (whole-brain FWE-corrected P < 0.05), because it was used as an inclusive mask. In addition, an object-processing localizer was created by contrasting activity related to object-selection during encoding and retrieval with the instruction, countdown and distraction events. This localizer was very liberally statistically thresholded (uncorrected P < 0.05), because it was used as an exclusive mask. By masking the contrast encoding of novel related greater than control PAs inclusively with the retrieval localizer and exclusively with the object-processing localizer, areas specifically involved in memory reactivation could be identified with a very conservative statistical threshold.
To identify areas involved in the prior knowledge effect during immediate retrieval, a similar ANOVA was conducted, contrasting activity during immediate retrieval of novel related and control PAs. To characterize the effect of prior knowledge on retrieval activity changes over the first 24 h, activity during retrieval was contrasted in a repeated-measures ANOVA with the factors prior knowledge (novel related vs. control PAs), retrieval delay (immediate vs. 24 h), and time point (Days 91/92 vs. 301/302). In particular, to identify areas where activity decreased or increased over the first 24 h more for novel related than control PAs, a planned contrast for the interaction of prior knowledge × retrieval delay was computed. To test whether a longer consolidation interval of 14 days leads to a different pattern, the interaction of prior knowledge × retrieval delay (immediate vs. 14 days, i.e., Day 91 vs. 105) was computed in a separate ANOVA. These interaction analyses aimed to parallel the animal lesion study, which showed that the hippocampus is less involved in retrieval after 24 h of consolidation when the novel PAs could have been assimilated in a knowledge structure (Tse et al. 2007 ). To directly assess whether there were differences after one, compared with 14 days of consolidation, a prior knowledge × consolidation interval (Day 92 vs. 105) was computed.
Psychophysiological Interaction
Finally, a psychophysiological interaction (PPI) analysis, as implemented in SPM8, was computed to assess task-related differences in functional coupling between brain regions. The goal of the PPI was to identify areas that were more coupled with the vmPFC when novel PAs could be related to prior knowledge. The opposite direction of coupling, that is, stronger coupling during the successful encoding of control than novel related PAs, as suggested by the SLIMM model, was also tested (van Kesteren et al. 2012 ). The activity cluster in the vmPFC that was more active during encoding of novel related than control PAs (identified by the analysis described above) at a threshold of P < 0.001, uncorrected, was chosen as a seed region for the PPI. Because the assumptions underlying PPIs are, strictly speaking, not necessarily valid for event-related designs (Gitelman et al. 2003 ), an additional first-level model was run with the same regressors, but short blocks of 6 s at encoding and recall onsets. Consequently, these short blocks also covered the object-selection phases, so these phases were not modeled separately. The other event types were modeled as events, just as in the main first-level model. Because it is not valid to compare parameters of event-related and block regressors, it should be noted that only the blocks corresponding to trial-wise successful encoding of novel related and control PAs were subsequently contrasted. On the second level, the results of the event-related model described above were confirmed, albeit with slightly weaker significance. The time series, as well as the interaction of the time series with the psychological factor, encoding of novel related versus control object-location associations, was extracted for Days 91 and 301 after adjusting for effects of no interest (including the session constant and high-pass filter). These 2 time series were fed into new first-level models as additional regressors, and the parameter estimates of the interaction regressors for Days 91 and 301 were used in a second-level analysis with participants as a random factor.
Statistical Thresholds: Correction for Multiple Comparisons and Exploratory Threshold
Results of all analyses were considered significant at a familywise error corrected for multiple comparisons voxel-wise threshold of P < 0.05. The corrections for multiple comparisons were done based on volumes of interest, that is, regions that were hypothesized based on previous research on consolidation, semantic memory and the prior knowledge effect. Therefore, for each of the above-described analyses (i.e., activity related to semanticization of the PAs, activity difference between novel related and control PAs during encoding/immediate retrieval/change of retrieval-related activity over time) different regions of interests (maximal 2 per analysis) were hypothesized: the hippocampus, the ventromedial PFC (vmPFC), the ventrolateral prefrontal cortex (vlPFC, i.e., ventral inferior frontal gyrus), the PC, and/or the RSC (Tse et al. 2007 (Tse et al. , 2011 Binder and Desai 2011) . Bilateral anatomical masks were created using the Harvard-Oxford cortical and subcortical structural atlases as implemented in FSL (www.fmrib.ox.ac.uk/fsl). For the hippocampus, a sample specific anatomical mask was created using the mean T 1 based on a previously published procedure (Pruessner et al. 2002) . If more than one region was hypothesized, a Bonferroni correction for the number of regions was employed. In addition, voxels outside of the a priori hypothesized brain regions with a P < 0.05 FWE corrected for multiple comparisons over the entire scan volume were considered statistically significant. Finally, for exploratory reasons, the threshold was lowered to P < 0.001 uncorrected and 10-voxel extent (Hayasaka and Nichols 2004) . Clusters of activity that reached only this liberal although widely accepted threshold are correspondingly noted in the tables. Hippocampal activity was considered anterior y > −21 and otherwise posterior based on a recent meta-analysis and review (Poppenk et al. 2013) .
Results
Due to the attrition of participants over the time course of the experiment, the number of participants that contributed to each statistical effect differs: 24 volunteers participated until Day 92, 23 until Day 105, and 17 until Day 302.
Testing the Trace Transformation Hypothesis
Memory for the 10 associative structures was clearly at ceiling in the MR scanner after 91 days ( Fig. 2A and see Supplementary  Table 1) , which is also indicated by the proportion of high-confident (rating of 4) responses in the modified remember/know paradigm on Day 92 (mean 99.2%, SD = 1.1%, see Supplementary Fig. 3A) . A change in the proportion of remember responses due to the overlearning procedure was analyzed in a repeated-measures ANOVA with the factor time point (Day 2, 30, 60, and 92). The proportions of remember responses was smaller on Days 60 and 92 than on earlier time points, as well as smaller on Day 92 than Day 60 (see Supplementary Fig. 3B , F 1.8,40.4 = 10.1, P < 0.00005, η 2 = 0.31; post hoc Tukey HSDs: all Ps < 0.005), showing a decrease in the proportion of remember responses over time.
In a next step, the proportion of PAs that were rated consistently with a remember-response during retrieval on Days 2, 30, 60, and 92 was analyzed in a repeated-measures ANOVA with the factor time point (Day 30, 60, 92) and the proportion of the PAs as the dependent variable. On Day 30: 51.3%, on Day 60: 20.9% and on Day 92: 11.9% of the PAs that were initially rated with a remember-response on Day 2 were again rated with a remember-response. Nearly all other PAs rated on Day 2 with a remember-response were rated with a high confidence know response at the later time points. The switch from remember-to know-responses for specific PAs over the testing days was highly significant (F 1.56,34.35 = 31.04, P < 0.0001, η 2 = 0.59; post hoc Tukey HSDs P < 0.005, on Day 60
and 92 fewer PAs were rated again with a remember-response than on Day 30). Overlearning and consolidation of the knowledge structures was paralleled by a massive "decrease" of retrieval-related neural activity from Days 1 and 2 to the later time points. This was observed in a large network of areas typically implicated in episodic memory retrieval, including the hippocampus, thalamus, striatum as well as fronto-parietal areas (Fig. 2B , see Supplementary Fig. 4A ,B and Table 3 ). In contrast, activity "increased" over time in the vlPFC, the bilateral orbitofrontal cortex (OFC), the ventral precuneus (vPC) as well as dorsal and ventral visual stream areas (Fig. 2C,D , see Supplementary Fig. 4C , D and Table 3 ). These areas have recently been identified as nodes of the semantic memory network (Binder and Desai 2011) .
Surprisingly, we did not observe an activity increase in the vmPFC during retrieval of the overlearned and consolidated information (Takashima et al. 2006) . However, our data showed an activity increase in vmPFC after 24 h on Day 2, but prior to overlearning (Fig. 2E for vmPFC) .
Characterization of the Prior Knowledge Effect
Encoding of Novel Related PAs
The reaction time in the primary task during encoding (animate/ inanimate decisions) was analyzed in a repeated-measures ANOVA with the factors prior knowledge (novel related vs. control PAs) and time point (Day 91 vs. 301). The main effect of prior knowledge reached significance (F 1,16 = 9.21, P < 0.01, η 2 = 0.37, Fig. 3A ) indicating slower reaction times for novel related than control PAs. The interaction reached a statistical trend toward significance (F 1,16 = 3.6, P = 0.08, η 2 = 0.18), suggesting that the reaction time difference increased from Day 91 to 302. The reaction time slowing during encoding of novel related PAs was significantly correlated across participants between the 2 time points Day 91 and 301 (r = 0.53, P = 0.03). Successful encoding of novel related compared with control PAs was associated with greater activity in vPC/RSC and the vmPFC (Fig. 3B) . The effect in vPC/RSC overlapped bilaterally with the vPC area that showed an activity increase during knowledge acquisition ( Fig. 2D and see Supplementary Table 4 , inclusive masking). Greater activity during encoding of novel related compared with control PAs was also seen in additional areas, including dorsolateral prefrontal cortex and the inferior temporal gyri (ITG, see Supplementary Table 4 ). The same area in the ITG was also specifically active during successful retrieval, but not online processing, of object-location associations (see Supplementary Table 3 , masking analysis).
The vmPFC has been suggested to be involved when novel information could be related to prior knowledge (van Kesteren et al. 2013 (van Kesteren et al. , 2014 . To further explore this relationship during encoding of novel related PAs was further characterized with a PPI. Coupling of vmPFC with hippocampus and vPC/RSC was greater during encoding of novel related than control PAs (Fig. 3C and see Supplementary Table 5) . No coupling differences were observed in the opposite direction, that is, grater coupling during encoding of control than novel related PAs.
Comparison of Object-Selection Responses During Encoding and Retrieval
During retrieval, participants first tried to recall the object associated with the marked location. Then the locations disappeared and for a short time all possible objects were presented (objectselection phase). The participants were instructed to select an object if and only if they had recalled it before seeing all the objects, but not to guess or select based on excluding other objects. The same object-selection task was performed during encoding as a baseline for the time necessary to find and select a specific object. To test whether participants demonstrated different response times for selecting an object they have just seen compared recalling it (see Supplementary Table 1) paired t-tests were computed for the object-selection time during encoding (Days 91 and 301) versus correct retrieval (Days 91, 92, 105, 301, and 302) for novel related and control PAs. After Bonferroni correction for multiple comparisons, none of these tests were significant. The only significant t-test without correction for multiple comparisons indicated faster object-selection after recall than encoding on Day 91 for novel related PAs (t (23) = 2.31, P < 0.05, η 2 = 0.19). These results suggest that participants followed the instructions and selected the recalled object as fast as possible without spending time to assess the familiarity of all objects in association with the cued location or to base their decision on the exclusion of other objects. However, the possibility of dependence across retrieval trials cannot be fully excluded.
Immediate Retrieval of Novel Related PAs
Participants were instructed to select an object in the object-selection phase during retrieval if and only if they had recalled it before and not to respond otherwise. Therefore, this procedure produced not only correct and incorrect responses, but also meaningful omissions. Confidence in the accuracy of the cued recall varies across trials and the decision to select an object given a certain level of confidence depends on the response criterion. Moreover, the individual response bias might differ for novel related and control PAs. In addition, participants might have sometimes guessed a response during object-selection even they had not recalled the object before. Both-systematic differences in the response bias and the guessing rate between conditions-would bias the results. To reduce the influence of response bias and guessing during object-selection, a corrected recall rate was computed by subtracting a third of the proportion of incorrect responses from the proportion of correct responses (because the probability of selecting by chance the correct object is 3 times lower than selecting an incorrect object; see Supplementary could frame the retrieval procedure in terms of signal detection theory as a memory detection task followed by a 4-alternative forced choice procedure for which d-primes have been published (see Supplementary Table 2 ; Hacker and Ratcliff 1979) . It should be noted that the response bias has been ignored until recently in m-alternative forced choice tasks and has been modeled only for 3-alternatives so far due to reasons of complexity (DeCarlo 2012) . The results of these analyses are presented in the Supplementary Material and confirm the analyses using the corrected recall rate as dependent variable, that is, memory detection but not d-prime differed between novel related and control PAs. Whereas there was no behavioral difference in retrieval of novel related and control PAs, on the neuronal level, we observed greater activity during recall of novel related PAs not only in areas implicated in retrieval, such as the vPC/RSC and hippocampus, but also vmPFC (Fig. 4 and see Supplementary Table 6 ).
Change in Retrieval of Novel Related PAs Over Time
In rodents, prior knowledge resulted in superior memory for novel related PAs 24 h after encoding (Tse et al. 2007) . To compare the change in retrieval of novel related and control PAs over the first 24 h, a repeated-measures ANOVA with the factors prior knowledge (novel related vs. control PAs), retrieval delay (immediate vs. 24 h), time point (Days 91/92 vs. 301/302) was computed with corrected recall rate as dependent variable. Critically, the significant prior knowledge × retrieval delay interaction (F 1,16 = 14.08, P < 0.005, η 2 = 0.47 ; see Supplementary Fig. 5 and Table 1 ) indicated a smaller decrease in memory performance over 24 h for novel related than control PAs. Overall, memory was better for novel related PAs (F 1,16 = 4.5, P < 0.05, η 2 = 0.22) and immediately after encoding (F 1,16 = 104.91, P < 0.0001, η 2 = 0.87), whereas the interaction of prior knowledge, retrieval delay, and time point was not significant, indicating that the effect did not get stronger after Day 92 (F 1,16 = 0.39, P = 0.54, η 2 = 0.02). To test, whether memory was still superior for novel related compared with control PAs after 14 additional days, a repeated-measures ANOVA with the factors prior knowledge (novel related vs. control PAs) and retrieval delay (Days 91 vs. 105) was computed. Critically, the interaction again reached significance (F 1,22 = 5.68, P < 0.05, η 2 = 0.21), indicating that the beneficial effect of prior knowledge was stable across 14 days (Fig. 5A ).
To test whether the size of the individual prior knowledge effects (difference in overnight decrease in memory performance between novel related and control PAs) was stable, the correlation between time points (Days 91/92 and 301/302) across participants was computed, showing only a weak nonsignificant correlation (r = 0.19, P = 0.46). Therefore, the magnitude of the individual prior knowledge effect seems to be specific to the novel related PAs encoded on Days 91 and 301 in contrast to the slowing in reaction times during encoding (see above) that was correlated between time points. Still, it was tested whether the prior knowledge dependent slowing during encoding was correlated with the size of the prior knowledge effect. The correlation was slightly positive, but low and nonsignificant (Day 91: r = 0.17, P = 0.42; Day 301: r = 0.11, P = 0.68).
The change in retrieval performance over the first 24 h and 14 days was also analyzed in a signal detection framework, which confirmed the results using the corrected recall rate (see Supplementary Behavioral Results). Moreover, the effect of prior knowledge on memory was analyzed in terms of forgetting, that is, retention on Days 92/302 as a proportion of retention on Days 91/301, as well as retention on Day 105 as a proportion of retention on Day 91; this also confirmed results using the corrected recall rate (see Supplementary Behavioral Results).
To further specify the prior knowledge effect, the effect of retrieval delay on the 3 sets of control PAs was analyzed in a repeated-measures ANOVA with the factor retrieval delay (immediate vs. 24 h) and time point (Days 1/2 vs. 91/92 vs. 301/302). The effect of time point reached significance (F 1.7,27.2 = 34.8, P < 0.00001, η 2 = 0.68), indicating that the performance increased from Days 1/2 to the later time points, and a significant effect of retrieval delay (F 1,16 = 219.9, P < 0.0001, η 2 = 0.93) indicating less retrieval after 24 h than immediately. The interaction did not reach significance (F 1.5,24.2 = 0.6, P = 0.49, η 2 = 0.04) indicating that the decrease in retrieval after 24 h did not change over time points. These effects suggest that the high but unspecific familiarity with the general procedure on Days 91/ 92 and 301/302 mainly enhanced encoding efficiency (reflected in better memory overall) whereas prior knowledge specifically affected the stability of memory over the retention delays. If the more stable memory for novel related than control PAs was caused by accelerated consolidation, one might expect a shift from hippocampal to neocortical retrieval for novel related, but not control PAs (Tse et al. 2007 ). To test this hypothesis, retrieval activity was contrasted by an interaction of prior knowledge (novel related vs. control PAs) and retrieval delay (immediate vs. 24 h). Activity during retrieval of novel related PAs decreased more over 24 h in bilateral posterior hippocampus, fusiform gyrus, and vPC/RSC (see Supplementary Fig. 5B and Table 6 ). The 3-way interaction with the factor time point (Days 92/92 vs. 301/302) did not result in any significant results, indicating that there is evidence that the prior knowledge effect did not change after Days 91/92. This relative decrease in retrievalrelated activity was even more pronounced after 14 additional days, as shown by an interaction of prior knowledge (novel related vs. control PAs) and retrieval delay (immediate vs. 14 days), as well as an interaction of prior knowledge (novel related vs. control PAs) and retrieval delay (24 h vs. 14 days), which extended into bilateral anterior hippocampus (Fig. 5B , see Supplementary Tables 7 and 8 ). The opposite pattern, an increase in retrieval-related activity specifically for the PAs related to prior knowledge, was observed in this interaction after 14 days in the bilateral OFC and, importantly, also in the vlPFC (Fig. 6A , B and see Supplementary Table 6 ).
Discussion
Testing the Trace Transformation Hypothesis
The Trace Transformation Hypothesis of systems consolidation proposes that episodic memories become semanticized with time and experience, which is accompanied by a shift from hippocampal mediated to purely cortical retrieval (Winocur and Moscovitch 2011) . The very similar Semanticization Hypothesis and the Complementary Learning Systems framework (McClelland Figure 5 . Effect of prior knowledge on decrease in memory performance and retention delay related changes in hippocampal activity from Day 91 to 105 (sample size n = 23). (A) Object-location association retrieval screen. The location served as retrieval cue and participants were given 3 s to recall the associated object. Then they had 2.16 s to select, with the mouse, the recalled object from all possible 4 novel objects of that associative structure. The objects were presented in smaller sizes in random order in 2 rows at the screen center. The locations of the 12 overlearned PAs are marked in gray to control for unspecific differences in difficulty compared show that the effect was driven bilaterally by the same activity differences. Activations are overlaid on the mean structural image of all participants (display threshold P < 0.001 uncorrected). Meeter and Murre 2004; O'Reilly et al. 2014) propose also that initially episodic hippocampal memories are transferred via repetitive reactivations over time to semantic cortical memories. Consistent with these theories, the repetitive retrieval and re-encoding during the weekly training sessions over 90 days in the current experiment resulted in a massive decrease in activity in a set of areas implicated in episodic memory retrieval, most notably the hippocampus (Kim 2013) . In particular, the reduced hippocampal activity mirrors the animal lesion data, showing that initially hippocampus-dependent memories can be recalled after repetitive reactivations over time without hippocampal contribution (Tse et al. 2007 ). An attenuation of hippocampal activity caused by explicit repetitive reactivations of specific events has also been observed during autobiographic memory retrieval (Svoboda and Levine 2009 ). It should be noted, however, that autobiographic events differ substantially in their richness from the PAs learned in the current study. In addition, only 1, 2, and 8 explicit reactivations across 3 days were contrasted in that study which is substantially less than the 70 reactivations across 90 days in the current study.
In parallel, activity increased over time and with experience in the vlPFC, vPC as well as dorsal and ventral visual stream areas. As retrieval was cued only by the marked location ( Fig. 2A) , the effects in higher visual areas are likely caused by reactivation of object information associated with the cued location. Such modality-specific activity in visual areas also occurs when semantic knowledge is accessed and, likewise, the vPC has been described as part of the semantic memory network (Binder and Desai 2011) . Critically, the vlPFC is known to support access to and evaluation of semantic knowledge (Binder and Desai 2011) , and may therefore take over the initial role of the hippocampus in retrieval of the PAs after the associative structures have been semanticized in the present study.
On the behavioral level, the repetitive retrieval and re-encoding of the PAs was expected to lead to semanticization in terms of the extraction of regularities and decontextualization. Such a transformation of episodic to semantic memories has not only been proposed by neurobiological hypotheses, that is, the Trace Transformation/Semanticization Hypotheses as well as the Complementary Learning Systems framework, but also by cognitive theories (Raaijmakers 1993; Carr et al. 1994; McClelland et al. 1995; Meeter and Murre 2004; Winocur and Moscovitch 2011) . Established methods to index semanticization-for instance lexical competition or semantic priming-cannot be applied to objectlocation associations, only to verbal material (e.g., Salasoo et al. 1985; Coutanche and Thompson-Schill 2014) . Therefore, the modified remember/know paradigm was employed to measure the proportion of remember responses over time as a proxy for the hypothesized decontextualization, which is one component of semanticization. However, it should be noted that the proportion of remember responses is very likely inflated by unavoidable confounds. Most importantly, participants very likely had difficulties in differentiating the many encounters of a PA and accidentally attributed remembering contextual details of subsequent episodes to the first episode. In addition, they might have recalled the first encounter of a specific event to a lesser degree at later compared with earlier tests, but still given a remember-response. Moreover, they might have rated semanticized contextual memories from the initial learning episode as "remember." Despite these confounds, the proportion of remember responses decreased over time and with repetitive reactivations, whereas the knowledge for the object-location associations (i.e., high-confident know-responses) increased and reached ceiling. More specifically, the majority of PAs that were rated as a remember-response during retrieval on Day 2 were rated with high confidence know-responses at the later time points, that is, the subjective recollective experience during retrieval was lost. This contrarian pattern of remember-and high-confident know-responses is consistent with the decontextualization proposed by the Trace Transformation Hypothesis. However, it should be pointed out that also on Days 30, 60, and 92, PAs were rated with a remember-response that were initially rated with a know response, which is an expression of the aforementioned confounds. In addition, this temporary transition from know-to remember-response ratings for some of the PAs could be caused by an increase in memory for contextual information about the initial learning episode, as has been shown for repetitive explicit reactivations of autobiographical events (Nadel et al. 2007; Svoboda and Levine 2009 ). Again, it should be mentioned that in these studies, the autobiographic memories were reactivated only 1-8 times across much shorter time intervals. Taken together, the overall proportion of remember responses decreased over time, whereas the knowledge for the PAs reached ceiling despite the confounds and potentially counteracting processes.
The proportion of remember responses also decreases when memory for single events or short movies is tested after delays without intervening explicit reactivations (Viskontas et al. 2009; Roberts et al. 2013; Ritchey et al. 2015) . Similarly, memory for details and associative information declines faster than the memory for the gist of an object (Talamini and Gorree 2012; Ritchey et al. 2015) . This kind of decontextualization occurs without any explicit repetitive reactivations, but through processes such as decay, interference, and incidental partial reactivation. As a critical difference to the current experiment, in these studies not only the memory for contextual details declined over time, but also the memory for the items itself. In general, it has been noted that without reactivation, detailed memories of events (Fig. 2B, at [−34 16 22] , Z = 3.89). The parameter estimates for both areas are plotted in addition to the statistical map to show that the effect was driven by the same activity differences. Activations are overlaid on the mean structural image of all participants (display threshold P < 0.001 uncorrected).
are mostly forgotten after a week (at least when tested with cued recall, Conway 2009).
On the neuronal level, this delay related process resulted in a shift from hippocampus to vmPFC-dependent recognition after 24 h (Takashima et al. 2006) . Consistent with this finding, activity in vmPFC increased during cued recall of the PAs from Day 1-2. Interestingly, the vmPFC was no longer involved in retrieval of the PAs after they had been overlearned. In other words, the overlearning of the PAs after Day 2 resulted not only in a shift from hippocampal to cortical, but more precisely from vmPFC to vlPFC, activity during retrieval. This pattern suggests a specific role of the vmPFC in long-term (≥24 h) retrieval of episodic memories when they are not (yet) semanticized. Previous semantic memory studies have sometimes observed vmPFC activity (Binder and Desai 2011), which might reflect incidentally recalled episodic aspects, whereas in the current study, the massive controlled overlearning of the PAs resulted in a loss of all episodic properties. This interpretation implies that the vlPFC is sufficient for semantic retrieval, whereas vmPFC might contribute to longterm retrieval of episodic memories.
In sum, the current experiment differs substantially from previous studies that investigated only the effect of time, but not repetitive explicit reactivations on changes in memory quality and its neural correlates. This overlearning procedure substantially changed the network of areas involved in retrieval of the associative structures. In particular, activity in the episodic memory network decreased whereas activity increased in the semantic network. The decrease in the proportion of remember responses together with the increase in knowledge suggests that the memory for the PAs of the associative structures was decontextualized, that is, became semantic. Taken together, the current data provide support for a time-and experience-dependent consolidation via the semanticization of initially episodic memories as proposed by the Trace Transformation Hypothesis (Meeter and Murre 2004; Winocur and Moscovitch 2011) . However, it should be emphasized that this interpretation relies mainly on the decrease in hippocampal and increase in vlPFC activity during retrieval because the hypothesized semanticization cannot be rigorously tested behaviorally for object-location associations.
Characterization of the Prior Knowledge Effect
The overlearning procedure led to consolidated, putatively semantic knowledge by Day 90, which could then support the memory for novel related information consistent with a prior knowledge effect. The encoding of novel information related to prior knowledge leads to superior memory, but binds additional processing resources (DeWitt et al. 2012 ). In the current study, these additional processing demands might have caused the slowing of reaction times in the primary task during encoding of novel related PAs (i.e., animate/inanimate decision). The individual magnitude of this slowing was stable across the 2 time points, Days 91 and 301, which indeed suggests a systematic, prior knowledge related effect. A causal interpretation in terms of shifting processing resources to the binding of novel related PAs is still speculative, because the individual slowing did not correlate with the positive effect on memory. However, the magnitude of the individual prior knowledge effects was itself not stable across the 2 time points. This volatility of the prior knowledge effect in the current study is presumably caused by the employed pseudorandomized stimulus material that was objectively neutral in terms of congruency or expectations. Subjectively, the congruency of the novel related PAs with the associative structures varied. Because congruency influences the effect of prior knowledge on memory (van Kesteren, Rijpkema et al. 2010; van Kesteren et al. 2013) , variability in subjective congruency results in unsystematic effects on the size of the prior knowledge effect. Taken together, the slowing in the primary task is consistent with additional prior knowledge related processing, which might not have translated systematically into greater prior knowledge effects because the subjective congruency of novel related PAs varied.
Encoding of novel related PAs was associated with greater activity in vPC/RSC and the vmPFC, in line with previous findings in rodents (Tse et al. 2011) . Interestingly, activity specifically in the vPC has been observed before in a classical paradigm to study the influence of schemata on memory formation (Maguire et al. 1999) . In particular, a relevant picture was presented before participants studied an otherwise ambiguous paragraph to provide a link to common world knowledge which improved memory for its content. The effect in vPC/RSC in the current study was not only specific to encoding of novel related information, but also overlapped bilaterally with the vPC area that showed an activity increase during knowledge acquisition. Therefore, our longitudinal data suggest that the recruitment of vPC/RSC during encoding of novel information is specific to the existence of previously established knowledge. This interpretation is supported by the unusual increase in vPC/RSC activity during encoding in the current study because this area typically shows decreased activity during episodic encoding (Huijbers et al. 2012 ). An increase in vPC/RSC activity is usually associated with episodic retrieval and default activity, but also with semantic processing and has been more precisely implicated in binding episodic to semantic memories (Binder and Desai 2011; Schacter et al. 2012) . Therefore, the increased activity in the vPC/RSC during encoding of novel related PAs in the current study would be consistent with concurrent activation of the overlearned associative structures. This interpretation is supported by the activity in the ITG because the same area was also specifically active during successful retrieval, but not online processing, of object-location associations.
Similar to the vPC/RSC, the vmPFC showed greater activity during the encoding of novel related than control PAs. The vmPFC has been described-similar to the vPC/RSC-as part of the default network that supports reactivation of prior experiences (Schacter et al. 2012) . However, contrary to the vPC/RSC, the vmPFC is not generally involved in episodic (Kim 2013) or semantic retrieval, at least in the current task (as this region was not more active after overlearning). In fact, the vmPFC has been suggested to be involved when novel information could be related to prior knowledge (van Kesteren et al. 2013 (van Kesteren et al. , 2014 . Therefore, the vmPFC seems to have a more specific, superordinate role in the interaction of episodic and semantic memories compared with the vPC/RSC. How might the vmPFC encode novel related episodic information into the existing knowledge structures? Coupling of vmPFC with hippocampus and vPC/RSC was greater specifically during encoding of novel related compared with control PAs. Such a greater coupling of the vmPFC with the vPC and hippocampus was also recently observed in retrieval-mediated learning, which supports our finding (Zeithamova et al. 2012) . Contrary to recent studies on the prior knowledge effects that contrasted encoding of novel schema congruent with incongruent information (van Kesteren et al. 2013 (van Kesteren et al. , 2014 , stronger coupling of the vmPFC for control than novel related PAs with other brain regions was not observed. This discrepancy is easily explained by the different goals and experimental designs, that is, that the current study aimed to characterize the effect of prior knowledge on novel related information whereas the other research tradition is primarily interested in schema congruency effects.
In summary, our results suggest that encoding of novel related information is accompanied by reactivation of prior knowledge, that is, greater vPC and ITG activity. Our data thus support current cognitive theories of the prior knowledge effect by proposing that newly encoded information is associated during encoding with relevant reactivated semantic information (Ericsson and Kintsch 1995; Long and Prat 2002) . Secondly, the vmPFC likely initiates the integration of the novel episodic information into semantic memory via interaction with the hippocampus and the vPC/RSC, also in line with human vmPFC lesion data on schema activation Spalding et al. 2015) . Such a reactivation of prior knowledge is also consistent with the previously described involvement of AMPA-receptors in encoding of novel related information in rodent vmPFC (Tse et al. 2011 ). This receptor-type had specifically been associated before with retrieval but not encoding of one-trial place memory in the same event arena (Bast et al. 2005) . Therefore, its involvement in encoding of novel related information can be explained by the concurrent retrieval of prior knowledge. Our results suggest vmPFC-hippocampal/vPC interactions as the mechanism through which this integration may occur.
During immediate retrieval of novel related PAs, not only areas implicated in episodic memory retrieval showed greater activity but also the vmPFC. As the vmPFC is not a node of the standard episodic retrieval network (Kim 2013) , its engagement seems to be caused-as during encoding-by the relationship of the to-be-retrieved novel information and prior knowledge. Also, during retrieval of novel related PAs, associations to the overlearned associative structures are formed and subsequently re-encoded.
In rodents, prior knowledge stabilizes memory for novel related information and accelerates consolidation, as recall can occur after 24 h of consolidation without hippocampal involvement (Tse et al. 2007 ). We observed a similar reduction in the decrease of memory performance over the first 24 h for novel related PAs that was stable for an additional 14 days. The size of the prior knowledge effect did not significantly increase from the first to the second time point (Days 91/92-Days 301/ 302), although only after Day 105 were the participants explicitly instructed to create meaningful stories around the PAs of each of their associative structures. This implies that the overlearning procedure before Day 91 had already resulted in interrelated knowledge structures. The attenuated forgetting of novel related PAs was paralleled by decreased retrieval-related activity in bilateral hippocampus after only one night of consolidation that was even more pronounced after 14 additional days of consolidation. Contrary, hippocampal activity during retrieval of the control PAs increased descriptively after 24 h and 14 days. Previously, it was shown that recognition of items after a delay of 1, 30, and 90 days was associated with less hippocampal activity than immediate recognition (Takashima et al. 2006) . However, item recognition accompanied by recollection (i.e., the retrieval of associative information) after a week is still supported by the hippocampus (Viskontas et al. 2009 ). In addition, object-location memory declines more rapidly than object recognition (Talamini and Gorree 2012) . It therefore seems likely that the successful recall of the object associated with a location in the control condition is correlated with more hippocampal activity because it becomes more difficult after a delay. The opposite pattern, an increase in retrieval-related activity specifically for the novel related PAs, was observed after 14 days in the bilateral OFC and, importantly, also the vlPFC. The same regions, vlPFC and OFC, were involved in retrieval of the associative structures after their semanticization.
The vlPFC, as a key node of the semantic memory network (Binder and Desai 2011) seems to take over the hippocampal role, not only with relatively slow semanticization, but also after only 14 days for episodic information when it can be related to prior knowledge. The OFC, although not a primary focus for memory researchers, is strongly interconnected with the MTL and activated in various memory categories, where its precise role needs to be determined (Zald et al. 2012) . In particular, the involvement of the vlPFC suggests that the reduced forgetting of related information may indeed be due to accelerated consolidation, such that the rapid integration of episodic memories into semantic knowledge is reflected in a shift from hippocampal to neocortical retrieval.
How might this rapid shift from hippocampus to neocortical retrieval occur? Consolidation theories propose that memories slowly become independent of the hippocampus via repeated reinstatement that can occur as automatic replay (at night) and conscious retrieval during daytime (Meeter and Murre 2004; McKenzie and Eichenbaum 2011; Winocur and Moscovitch 2011) . The Complementary Learning Systems framework similarly proposes slow cortical learning, but it has recently been suggested that also rapid neocortical learning, with relatively few reactivations, can occur if the new information is consistent with prior knowledge (McClelland 2013) . According to this model, prior knowledge-related information might simply not require as much hippocampal driven replay to be transferred to the slower learning neocortical system. A more efficient replay could also be based on the associations that are formed between the novel related PAs and the consolidated associative structures during encoding and immediate retrieval (Ericsson and Kintsch 1995) , such that novel related PAs and existing associative structures mutually reactivate during replay. This parallel replay leads to incorporation of the new schema-related information into cortical representations (Lewis and Durrant 2011) .
Conclusion
In summary, our findings specify the 2-fold interdependence of the human episodic and semantic memory systems. At first, we tested the Trace Transformation Hypothesis and monitored how episodic memories are converted by time and repetitive retrieval into semantic knowledge (Winocur and Moscovitch 2011) . At the neural level, this transformation was reflected in substantial changes in retrieval-network composition. Activity decreased in areas typically involved in episodic retrieval such as the hippocampus and increased in regions known to be involved in semantic memory, most importantly the vlPFC (Binder and Desai 2011) .
Secondly, we showed how semanticized knowledge then supports the memory for novel related episodic information. Our data are consistent with recent animal studies (Tse et al. 2007 (Tse et al. , 2011 , suggesting reactivation of prior knowledge during encoding of novel related information via vPC/RSC and mPFC, which on a behavioral level, increased processing demands. vmPFC orchestrated this encoding of related information by interactions with the hippocampus and vPC/RSC. Crucially, we demonstrate that prior knowledge attenuates overnight forgetting of novel related information, an effect that was stable for at least 14 days. The reduced forgetting was mediated by accelerated systems consolidation in terms of a shift from hippocampal to neocortical retrieval. In particular, the vlPFC, which was also involved in retrieval of the semanticized knowledge, became engaged in retrieval of novel related but not control information after only 14 days of consolidation (without any overlearning). These findings suggest a more rapid semanticization of novel episodic information when it can be related to semantic knowledge as the mechanism underlying the prior knowledge effect.
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